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to X > \uno{ Z b ° n dl0xi L de from the tissues back 
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hemoglobin than about any other molecule. Phy- 
sicists, crystallographers and chemists of all 
n a rt?nin Z °°* lo S ist j- Penologists and geneticists. 
patholog,sts, and hematologists have all contrib- 
uted to a vast literature. In the erratic u-avs that 
scientinc research shares with other human en- 
deavours, the multifarious work of that great 
throng has provided us with an enormous store 
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MOLEO _ 

, w t \A*t nvidized rapidly by ferricyanide or by sodium 

■idficant. However, the calculations of Mat- nitrite Conversely, methemoglobin can be re- 

JR et al. were based on wrong coordinates of ^-^^hi^te, asC orbate, or borohydride. 

E histidine in Hb 0,»° On correcting that error. gwjg an ' indicator dye wilh a pK of 

ty have now found pK.sSmo^^ ^fbXfat acid and red at. alkaline pH The 
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they nave now iuuuu r ^- — rrr~ 

and 5.86 or 6.00 in Hb CO."" tor comparison, 
Matsukawa et al., using deuterium .exchange, 
found a pK. of 6.5 in Hb CO in . bw-Tns or Tris 
buffers containing 0.1 M Nad- The proton res- 
onance with a pK, of 7.85 that had been assigned 
to histidine HC3(146)P"' in fact belongs to an- 
other histidine. FG4(97)P, which has a raised pK. 
because it caps the carboxyl end of an a helix. 
There is therefore no longer any evidence m favor 
of histidjngJICiaamJUia^^ 
CO or Hb Qiia. low salt. . 

ChemiciTstudies have shown consistently that 
cleavage of the C-termjnaJJusHril nft or Us repla ce- 
ment by anotii iTTesiduTor inhibition . ofrtsjalt ^ 
bridge in deoxy Hb inhibitsa major fractionof 
the alkal ine Bohr effecta^aTCg ^H^^es 
"witiTaTcreasing concentration orBo^amons. . 
iShih and I recently measured the contribution of 
?His HC3(146)p to the alkaline Bohr effect m 
saltfree Hb solutions. dpH/dlog Y was - 0.2 in Hb 
A and zero in Hb Cowtown (HC3(146)P Leu). \ 
which confirmed that all the chloride-independ- \ 
ent part of the alkaline Bohr effect is due to the 
C-terminal histidines. 391 Their contribution m 
vivo has never been in dispute. - 

Chloride ions probably bind to several sites 
common to the R and T structures but only those 
sites are known that are occupied in the T ana 
not in the R structure."" 83 One such site lies 
\ between the a amino group jfjgh n* NAU lja 
WandThS OH of serine. JSJJSSra.the jame^a 
•-aimTThTolheTlies in the cej tral cavity ass oci- 
ated with lysines EF6(82)p.(Wh£5j^3ffiiaQ 
groups of SITS- chains a re tekedj ^jgagtiori. 
• w ith^cya nafce ^-ry^^ 
bTneufel residues.. the effect of chloride pn the 
oxygen affinity becomes negligibly _ smalljThe 
\ carbamino groups at the amino termini foTrri hy- 
I drogen bonds with serines Hl4(131)a and lysines 
EFefaZlB."-" 8 Chloride competes with LU 2 tor 
binding to valine NAl(l)a. DPG competes with 
CO, for binding to valine NA1(1)P, and hydrogen 
ions compete with C0 2 for both these valines. 



8 1 brown at acid and red at alkaline pH. The 
color change is due to the ionization of a heme- 
linked water molecule: 



Fe 3+ H 2 0 ^ Fe 3+ OH" + H" 



s-§H* 



FERRIC HEMOGLOBIN 

The heme irons are subject to auto-oxidation to \ 
ferric hemoglobin or methemoglobin, which can- I 
not combine with oxygen. Erythrocytes contain a 
scavenging enzyme system that reduces methe- 
Oft moglobin to deoxyhernoglobin. That system is 
^ composed of cytochrome b„ which I have already 
mentioned, and an NADH-dependent cytochrome 
b. reductase, also known as methemoglobin. re- 
ductase. In vitro oxy- or deoxyhernoglobin is 



This is accompanied by a transition from ^high to 
low spin. i.e.. from strong to weak P«J™pegm. 
The water molecule can be replaced by F , OCN 
SCN-. MI. imidazole or CM", where F is the 
weakest and CN" the strongest ligand. Fluoro- 
methemoglobin is pure high spin (S - z) ana 
cyanomethemoglobin is. almost pure low spin (S 
= 4-1 because weak ligands allow the occupation . 
of iron orbitals that point in the bond d^chon^- 
whereas strong ones restrict o^^^ScSSS'' 
orbitals that point between the bond directions 
?Fig 5-11 and 5-12). Each of these mejhjm oglo- 
bincompounds^ 

ti f o!Ti5fifeum7 rTC nEi cyanide poisomngTrotrrae-- 
gSgSTis used as a scavenger: Intravenous 
injection of sodium nitrite oxidizes some of the 
Jrrous hemoglobin to methemoglobin which 
binds cyanide very firmly, thus protecting the 

f^TliW^ 
V ulSrr^ .truct;^ ^ 
fc c I Tnj J^ yffirr ^encv and ^mn j^alajlihe 
^gfelhTotherha^ sxacTS^ation 
?T TTir KimTIIiCT^om piex,^^ 
gp-gg^g^Tp of the suDumts dilleis 

s HlroWu^ F^xample, they are similal in 
f luoro- and aqif omethemoglobin, which are both 
S spin, and different in cyanQmethemoglobin 
whfcMs low spin." Azidemethemoglobin is a sc. 
low spin, but the azide ion is longer than the 
cyanfde ion and binds at 120° to the heme axis 
hke oxygen, while in the absence of steric tun- 
dranc? cyanide would lie on the heme axis, hkr 

' -meTrleln^Io^rhTTnese details modulatetRe affin 
^orr^rnogrdBin for different h ligands and th 
equilibrium constant between the T and R stru • 
toes. For«nple, at acid pH the allosteric effec- 
tor inositol hexaphosphate swfches the h^hapi--. 
aquo- and fluoromethemoglobms to the T strut ■ 
ture, but not the low spin cyanomethemoglobin. 



SUBUNIT DISSOCIATION 

I n dilute solution oxyhemogl obin is partly disso- 
c ialed into aP dimeW. Ill 0-1 M NaCl at 20 C tL- 
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'anatomy, physiology, an^t^ology 

lion constant for the reaction a,JJ 2 ~ 2«P 
In erythrocytes, in which the . concente- 
of h emoglobin tetramg ijiabout4_rnM, dis 

^^^^^ 
y h en meas uring oxy gen e quil °» um ; ^ S-g 

t5WninTo^count. 8a Dissociation iatDTdTineTS-can 
bfisfofn^easuring the sedimentation ve 
tocltyof hemoglobin in the ultracentnfuge It .can 
also be detected by light scattering 89 and by a 
change of light absorption in the , u ^f%^ 

measured, but the first order rate constant of 
Association has recently been determined from 
the rate of exchange of free 'H-labeled a chains 
wuh unlabeled hemoglobin tetramers and has 
been found to be 4 x 10" hours"', which corre- 
sponds to a half time of 173 hours (0.01 M 
phosphate, pH 7.0, 25°C)." 5 

Molecular Dynamics of the Transition of 
Quaternary Structure 

There has been much discussion about this 
subject, especially over the question whether the 
salt bridges open and release protons as succes- 
SJe molecules of oxygen or other hgands ; com- 
bine with the T structure, as I suggested or 
whether this happens only during the transition 
horn T to R. My suggestion was inspired. Dy 
Se studiesjhitjjro^^ 
,o bgsyjichroHou s^andl^ witrTup take ot 
.» SSrBonnionoxlde* « Kece^T measurements 
| ^srroweoThToxygen affinity at less than .lp««J 
i Ploxy°en saturation to be strongly pH dependent, 
J A 'Sch implies that V^S^U^^^ 
' At ^i nation of the first oxyj Hw^^mgj^|g 

L Tht-s E Rrm ed by measurements of the oxygen and 
g-oH f dependence of the tetramer-dimer equilib- 
rium. 4 - In 0.1 M tris or glycine buffers + 0.1 M 
\ ! aCl at pH 7.4 and 21.5° C in the absence of DPG, 
= ;he numbers of protons released per oxygenation 
step are 0.64 for the first. 1.62 for the second and 
:hird combined, and only 0.05 for the fourth 
inder these conditions tte JJo^Ji aa^nn is 

HEJ» i^THTFa-gw^TlSEe^I the protons c5me 
R & '"folrnaTOaST. it follows that salt bridges must 
men and release pro tons on up take^ px ygen by. 
Her * T gtruct uftj as well as on Lr ansition frqmjjo 
that " - Fe - w --{ranyTaHTeTeas^ 
the -TTthe R structure. DPG reduces the number ot 
tran .^bns Wased - in the first step. 59 ' but probably 
'° t] acreases the number in the fourth, since a greater 



OF HEMOGLOBIN 



161 



fraction of the molecules would not change from 
T to R until the fourth step. 

FETAL HUMAN HEMOGLOBIN 

The transport of oxygen differs in the embryonic, 
F fetal and adult stages of development. The early 
embryo obtains oxygen from the maternal inter- 
stitial fluid and uses a hemoglobin known as £ ? e 2 , 
which has not been crystallized. Tlu- developing 
fejus obtains its oxygen via the placenta, using a 
hlmo°lobin known as FIUojtJ. 1 his has the 

•samel^ 

SsTrdSrutlacTthere are two 7 chain genes that 
iSnSoEfi expressed and differ only in position 
H14136), one coding for Gly and the other for. 
Ah Th" ig aU " a min ° r ™ m Pp ru - llt - knowg-as 
^^njgg ^ThTwhich the v alines 1 7 are aee^ 
tSiTel fiTvivo the oxygSli affinities of hemoglo- 
* and F, are higher than those of the two 



SuU &£ Hb A(SW and A2 M,)]. which . 
facilitates transfer of oxygen across the ^P^ita 
from the adult to the fetal circulation/- 9 fHow- 
ever when isolated and stripped ot phospTTates, 
the oxvgen affinities of the fetal forms become 
lower than those of the adult forms especially at 
acid n H 91 - 9g i Thoil - hi fi her oxvgen af '" utv in V1 !° 

a^ten^ ^ 

THe-aikaiirTe Bohr effect of the le.al forms is 
almost the same as that of Hb A and is not 
ifluencedby the acetylation of Val ip but their 
acid Bohr effect is halved - so thai below pH 6 
tfieffoxygen affimtyjrises less than that of hemo- 
globin A. DeoxyhemogjobiT! F is more soluble 
than feoxyhemoglo&Tn^which has important 
implications for the pathology of sickle-cell ane- 
miaTHb F is recognized most easily I. y its higher 
absorption of light at 290 nm; this is due to the 
presence of t w,o additio na Uryptophan s per tetra- 
mer (tyrosine TOOTp-^ryptopiiar, 7 ). It can 
also be recognized bv its greater resistance to 
denaturation by alkalT^ 
. The structure of deSxyhemoglobm I; was found 
to be similar to that of deoxyhemoulobin A be- 
cause most of the 39 amino acid replacements are 
' • external and therefore incapable ot exorcisms j any 
influence on the folding of the polypeptide chain 
' the few internal replacements are accommodated 
with barely detectable structural changes. The 
" exceptions are the replacements leucine NA3(3)(3 
2 phenylalanine 7 and glutamate A;H7)P -.as- 
partate t The former pushes the ammo terminal 
Jeoment away from the EF corner u..;l from the 
dvad svmmetrv axis, while the latter .Iraws helix 
A closer to helix E and the symmetry axis because 
residue A4 makes a salt bridge with Lys 

%°he" w" ffinity of Hb FU for DPG is caused 
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